Introduction {#s1}
============

In the adult mammalian brain, new neurons are continuously generated from neural stem/progenitor cells that reside predominantly in the subventricular zone of the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) ([@CIT0031]). Adult neurogenesis is an extremely dynamic process that is regulated by various physiological, pathological, and pharmacological stimuli ([@CIT0012]; [@CIT0031]). Stress is one of the most potent negative regulators of adult neurogenesis, as demonstrated in several mammalian species ([@CIT0018], [@CIT0019]; [@CIT0038]). Indeed, multiple acute stress paradigms, such as exposure to predator odor ([@CIT0041]; [@CIT0021]), restraint ([@CIT0033]; [@CIT0002]), electric footshock ([@CIT0030]), social defeat ([@CIT0026]), and cold swim ([@CIT0020]), have been reported to suppress adult hippocampal neurogenesis by lowering the rate of cell proliferation. Likewise, chronic mild stress has also been shown to decrease the proliferation and survival of newly generated dentate granule cells (DGCs) in the adult hippocampus of different species ([@CIT0033]; [@CIT0039]; [@CIT0010]; [@CIT0014]; Van B[@CIT0044]). However, one study reported that the survival of adult-born DGCs is increased after chronic social defeat stress (CSDS) selectively in mice that display persistent social avoidance ([@CIT0026]), suggesting a more complicated relationship may exist between CSDS and cell survival. Although the molecular mechanisms by which stress regulates adult neurogenesis remain unclear, some evidence suggests that adrenal steroids may play an important role ([@CIT0001]; [@CIT0029]). Consistently, exogenous administration of corticosterone to rats was found to reduce the proliferation and survival of adult-born DGCs ([@CIT0006]).

The development of adult-born DGCs is a highly plastic process that recapitulates many aspects of early development. Adult-born DGCs extend their dendrites and receive functional inputs from the existing neural circuits as early as 2 weeks after birth ([@CIT0037]; [@CIT0016]). We and others have previously shown that immature adult-born DGCs exhibit lower activation threshold and enhanced synaptic plasticity compared with mature DGCs ([@CIT0037]; [@CIT0011]). Furthermore, such enhanced plasticity is associated with developmentally regulated synaptic expression of GluN2B-containing *N*-methyl-D-aspartate receptors (NMDARs). While stress has been shown to regulate adult neurogenesis at different stages, no previous studies have explored whether it may affect the synaptic maturation process of adult-born DGCs. Combining electrophysiology with retrovirus-mediated birth-dating and labeling, we examined the impact of CSDS on temporal regulation of synaptic plasticity of adult-born DGCs along their maturation. Here, we show that CSDS can affect the maturation of synaptic plasticity of surviving adult-born DGCs by accelerating the developmental switch in synaptic NMDAR subunit composition from predominantly GluN2B to GluN2A through increased expression of the repressor element-1 silencing transcription factor (REST).

Materials and Methods {#s2}
=====================

A full detailed description of Materials and Methods is included in the supplementary Material.

Animals {#s3}
-------

Adult male C57BL/6 (8--12 weeks old) and CD1 retired breeder (6--10 months old) mice were used. C57BL/6 (4 per cage) and CD1 (1 per cage) mice were housed in a humidity- and temperature-controlled (25±1°C) room on a 12-hour -light/-dark cycle (lights on 6:00 [am]{.smallcaps} 6:00 [pm]{.smallcaps}) with access to food and water ad libitum and were acclimated in the animal research facility for at least 1 week prior to use in behavioral experiments. All behavioral procedures were carried out during the light cycle between 10:00 [am]{.smallcaps} and 3:00 [pm.]{.smallcaps} All animal procedures described were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of National Cheng Kung University.

Social Defeat Stress {#s4}
--------------------

C57BL/6 mice were subjected to CSDS for 10 consecutive days as previously described ([@CIT0025]). During each defeat episode, a C57BL/6 mouse was introduced into the home cage of an unfamiliar and aggressive CD1 mouse for physical encounter. Following a 10-minute agonistic interaction, the aggressor and the test mouse were then housed in the same cage separated by a wire mesh partition for the next 24 hours, which allowed continuous sensory contact without physical interaction. Control mice were housed in equivalent cages with members of the same strain. The social interaction test was performed 24 hours after the last training day by measuring the time spent in the interaction zone ([supplementary Figure 1A](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)) during the first 5 minutes (target absent) and second 5 minutes (target present) trials. Social approach-avoidance behaviors were recorded using a digital video camera and analyzed with the Ethovision tracking system (Noldus). The interaction ratio was calculated as (time spent in the interaction zone in the presence of target)/(time spent in the interaction zone in the absence of target) × 100% ([supplementary Methods](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

BrdU Injection and Quantification of the Survival of Newborn Neurons {#s5}
--------------------------------------------------------------------

Mice were injected 6 times intraperitoneally with 5-bromo-2'-deoxyuridine (BrdU; 50mg/kg) at 12-hour intervals starting 24 hours after the social interaction test (SIT). Fluorescent immunolabeling and quantification of BrdU-labeled cells were performed as previously described ([@CIT0046]) ([supplementary Methods](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

Retrovirus Production, Stereotaxic Injection, and Analysis {#s6}
----------------------------------------------------------

Engineered self-inactivating murine retroviruses expressing enhanced green fluorescent protein (GFP) were used to label proliferating cells and their progeny in the DG of adult mice as described previously ([@CIT0016]). The purified retroviruses were stereotaxically injected into the DG as described previously ([@CIT0011]) ([supplementary Methods](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

Electrophysiological Recordings {#s7}
-------------------------------

For whole-cell patch-clamp recordings, hippocampal slices were prepared using standard procedures as described previously ([@CIT0011]) ([supplementary Methods](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

Statistical Analysis {#s8}
--------------------

Data are presented as mean±SEM. All statistical analyses were performed using the Prism 6 software package (GraphPad Software). For LTP experiments, statistical analysis was performed using the nonparametric Mann-Whitney U test. The significance of any difference between 2 groups was calculated using the unpaired Student's *t* test. ANOVA tests were used for multiple groups' comparison, and Bonferroni's posthoc analyses were used to assess the significance between isolated groups. Number of animals or neurons examined is indicated by n. Probability values of *P*\<.05 were considered to represent significant differences.

Results {#s9}
=======

Individual Differences in Responses to CSDS {#s10}
-------------------------------------------

To investigate the effects of stress on the morphological and functional maturation of adult-born DGCs, we utilized CSDS, a mouse model of chronic stress with psychotic features of major depressive disorder and posttraumatic stress disorder ([@CIT0025]). Consistent with previous studies ([@CIT0025]), C57BL/6 mice subjected to CSDS displayed clear depressive-like behaviors, characterized by enduring deficits in social interaction, although individual responses were highly heterogeneous ([supplementary Figure 1A-C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Based on a measure of SIT at 24 hours after the last defeat, mice subjected to CSDS can be separated into susceptible and unsusceptible subpopulations. Susceptible mice displayed significantly reduced social interaction compared with undefeated control and unsusceptible defeated mice ([supplementary Figure 1C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Susceptible mice spent more time in the corner zone and less time in the interaction zone than control and unsusceptible mice in the presence of a social target ([supplementary Figure 1D](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). To determine whether our CSDS paradigm has an effect on basal depressive-like state, 2 classical experimental models were used to evaluate behavioral despair and anhedonia, respectively. When examined 7 days after SIT, we found only susceptible mice displayed a significant increase in the immobility time in the tail suspension test of behavioral despair ([supplementary Figure 1E](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Furthermore, a significant negative correlation was found in individual mice between the time spent in the interaction zone obtained from the SIT and the immobility time in the tail suspension test ([supplementary Figure 1F](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Similarly, susceptible mice displayed a significant anhedonia in preference to a 1% sucrose solution ([supplementary Figure 1G](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). These results suggest that the development of social avoidance in susceptible mice is concomitant with increased depressive-like behaviors. We therefore chose susceptible mice for all subsequent experiments designed to investigate the influence of CSDS on adult-born neurons.

CSDS Decreases the Survival of Adult-born DGCs {#s11}
----------------------------------------------

To determine whether chronic stress may affect the survival of adult-born DGCs, CSDS mice were subjected to multiple BrdU injections, and double fluorescent labeling for detection of BrdU-positive (BrdU^+^) neuronal cells (neuronal specific nuclear protein \[NeuN^+^\]) was performed on hippocampal sections 4 weeks later ([Figure 1A](#F1){ref-type="fig"}). As illustrated in [Figure 1B](#F1){ref-type="fig"}, BrdU^+^/NeuN^+^-labeled cells were found along the hilar border of the DGC layer. CSDS elicited a significant decrease in the number of BrdU^+^/NeuN^+^-labeled cells compared with control mice ([Figure 1C](#F1){ref-type="fig"}). To assess the effect of CSDS on the circadian hypothalamic-pituitary-adrenal axis activity, blood samples were taken the next day after the last defeat at 2 different time points (7 [am]{.smallcaps} and 7 [pm]{.smallcaps}) for corticosterone analysis. CSDS mice showed elevated plasma levels of corticosterone compared with control mice, confirming successful stress induction ([Figure 1D](#F1){ref-type="fig"}).

![Chronic social defeat stress (CSDS) results in a decrease in the number of 5-bromo-2'-deoxyuridine (BrdU)-labeled cells in the dentate gyrus (DG). (A) Schematic representation of the experimental designs for comparing individual differences in the effect of CSDS on adult-born dentate granule cell (DGC) survival. Following a 10-day CSDS, mice were separated into susceptible and unsusceptible subpopulations at day 11. Control (Con) and susceptible mice to CSDS were then injected 6 times intraperitoneally with BrdU (50mg/kg) at 12-hour intervals starting 24 hours after social interaction test (SIT). Mice were sacrificed 4 weeks after the last BrdU injection. (B) Representative images with immunofluorescent staining showing expression of BrdU and neuronal specific nuclear protein (NeuN) in the DG from Con and CSDS mice. Scale bar=100 µm. (C) Quantification of numbers of BrdU^+^/NeuN^+^ cells in the DG from Con and CSDS mice (*t* ~(22)~ = 7.6, *P*\<.001; unpaired Student's *t* test). (D) Summary bar graphs depicting plasma corticosterone levels in Con and CSDS mice next day after the last defeat at 7 [am]{.smallcaps} (*t* ~(8)~ = 3.7, *P*=.006; unpaired Student's *t* test) and 7 [pm]{.smallcaps} (*t* ~(8)~ = 3.9, *P*=.005; unpaired Student's *t* test). The total number of animals examined is indicated by n in parenthesis. Data are presented as mean ± SEM. \*\**P*\<.01 and \*\*\**P*\<.001 vs Con.](ijnppy_pyv097_f0001){#F1}

CSDS Alters Dendritic Morphogenesis of Adult-born DGCs {#s12}
------------------------------------------------------

We next evaluated the impact of CSDS on the morphological maturation of adult-born DGCs by using a retrovirus-mediated birth-dating and labeling strategy ([@CIT0011]). Engineered retroviruses expressing GFP were stereotaxically microinjected into the hilus of the DG. Sholl analysis for dendritic complexity of GFP^+^ DGCs was carried out 2 or 4 weeks postinjection (wpi) ([Figure 2A](#F2){ref-type="fig"}). In accordance with previous findings ([@CIT0027]), the dendrites of adult-born DGCs became progressively more complex in the first 4 weeks after birth ([Figure 2B](#F2){ref-type="fig"}). CSDS significantly reduced the radius interaction for both dendritic length and branch number in GFP^+^ DGCs at 2 wpi ([Figure 2C](#F2){ref-type="fig"}). At 4 wpi, we did not detect an effect of CSDS on dendritic length of GFP^+^ DGCs, while a significant difference in branch number was still observed between control and CSDS mice ([Figure 2D](#F2){ref-type="fig"}). Sholl analysis further revealed a significant decrease in the dendritic complexity of GFP^+^ DGCs in CSDS mice compared with control mice at 2 and 4 wpi ([Figure 2E](#F2){ref-type="fig"}).

![Chronic social defeat stress (CSDS) results in a short-lived decrease in dendritic complexity of adult-born dentate granule cells (DGCs). (A) Schematic representation of the experimental designs for comparing individual differences in the effect of CSDS on morphogenesis of adult-born DGCs. Following a 10-day CSDS, mice were separated into susceptible and unsusceptible subpopulations at day 11. Control (Con) and susceptible mice to CSDS were then received intra-dentate gyrus (DG) injections of GFP-expressing retrovirus (RV-GFP) 24 hours after social interaction test (SIT). Mice were sacrificed 2 to 4 weeks after RV-GFP injection. (B) Representative images of adult-born DGCs expressing GFP (green) at 2 and 4 weeks postinjection (wpi) of retroviruses into the DG of Con and CSDS mice. All slices were counter-stained with 4',6-diamidino-2-phenylindole (blue). Scale bar = 20 μm. (C-D) Quantitification of the dendritic length and branch number of adult-born DGCs at 2 (C) and 4 wpi (D) from Con and CSDS mice. (E) Sholl analysis of the dendritic tree of adult-born DGCs at 2 and 4 wpi from Con and CSDS mice. The total number of neurons examined is indicated by n in parenthesis. Data are presented as mean ± SEM. \**P*\<.05, \*\**P*\<.01, and \*\*\**P*\<.001 vs Con.](ijnppy_pyv097_f0002){#F2}

We also examined the impact of CSDS on the migration of adult-born DGCs. During neuronal differentiation, newborn DGCs migrate from the SGZ outwards in a radial manner into the DGC layer ([supplemental Figure 2A](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). We confirmed that adult-born DGCs contribute almost exclusively to the inner two-thirds of the DGC layer ([supplemental Figure 2B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). At 2 wpi, the majority (70%) of GFP^+^ DGCs were distributed within the preexisting inner DGC layer, while some GFP^+^ DGCs (30%) had migrated into the middle DGC layer. By 4 wpi, a large percentage of the cells had progressed towards the inner and middle DGC layer. As shown in [Figure S2C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1), a similar pattern of positioning of GFP^+^ DGCs was found between control and CSDS mice at 2 and 4 wpi. Furthermore, there were no significant differences between control and CSDS mice in the soma size of GFP^+^ DGCs at 2 and 4 wpi ([supplemental Figure 2D](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

To determine whether CSDS may alter the maturation rate of adult-born DGCs, triple labeling for BrdU, NeuN, and doublecortin (DCX) was performed on hippocampal sections. Because DCX expression occurs transiently during the early stage of adult neurogenesis ([@CIT0023]), we therefore characterized the relative maturity of BrdU^+^NeuN^+^ cells based on whether or not they express DCX ([Figure 3A](#F3){ref-type="fig"}). As shown in [Figure 3B](#F3){ref-type="fig"}, [a](#F3){ref-type="fig"} significant decline in the number of immature BrdU^+^ DGCs (BrdU^+^DCX^+^NeuN^+^) was observed from 3 to 4 weeks after BrdU administration, indicating that the immature cells either die or mature out of the DCX stage ([@CIT0045]). Unexpectedly, we observed that although CSDS mice demonstrated a significant reduction in the number of mature BrdU^+^ DGCs (BrdU^+^DCX^-^NeuN^+^) compared with control mice at 3 and 4 weeks after BrdU administration ([Figure 3B](#F3){ref-type="fig"}), the proportion of BrdU^+^NeuN^+^ cells that ceased to express DCX was significantly increased from 50.2±4.6% in control mice to 63.8±4.3% (*P*\<.05) in CSDS mice in the 4-week surviving DGCs ([Figure 3C](#F3){ref-type="fig"}). There were no differences between control and CSDS mice in the proportions of BrdU^+^NeuN^+^ cells that were either DCX^+^ or DCX^-^ at 3 weeks after BrdU administration. Because adult-born DGCs compete with neighboring newborn or mature DGCs for survival in the third week after their birth ([@CIT0042]; [@CIT0004]; [@CIT0043]), we further examined if the surviving DGCs in CSDS mice are less competitive than their control counterparts against mature DGCs. To test this possibility, we measured the extent of neuronal death based on the appearance of activated caspase 3 immunoreactivity in cytoplasm at 3 weeks after CSDS ([Figure 3D](#F3){ref-type="fig"}). We found that significant fractions of DCX^+^NeuN^+^ and DCX^-^NeuN^+^ DGCs exhibited activated caspase 3 immunoreactivity in both CSDS and control mice, confirming that survival of adult-born DGCs is reduced at this critical stage of selection for stable integration ([@CIT0042]). Although there was no difference in the number of activated caspase 3 immunoreactive DCX^-^NeuN^+^ DGCs between CSDS and control mice, a lower number of activated caspase 3 immunoreactive DCX^+^NeuN^+^ DGCs was observed in CSDS mice compared with control mice ([Figure 3E](#F3){ref-type="fig"}). The proportion of DCX^+^NeuN^+^ DGCs expressing activated caspase 3 immunoreactivity was significantly reduced in CSDS mice compared with control mice (*P*\<05) ([Figure 3F](#F3){ref-type="fig"}).

![Chronic social defeat stress (CSDS) facilitates the maturation of adult-born dentate granule cells (DGCs). (A) Representative confocal images of control hippocampal sections triple stained for 5-bromo-2'-deoxyuridine (BrdU) (blue), doublecortin (DCX) (green), and neuronal specific nuclear protein (NeuN) (red) at 3 and 4 weeks after BrdU administration. Scale bar = 100 μm. (B) CSDS decreased the number of BrdU^+^NeuN^+^DCX^+^ and BrdU^+^NeuN^+^DCX^-^ cells. (C) CSDS decreased the proportion of BrdU^+^NeuN^+^ cells that were DCX^+^ but increased the proportion that were DCX^-^ at 4 weeks after BrdU administration. (D) Representative image of immuofluorescent triple stained for NeuN (blue), DCX (green), and activated caspase 3 (Cas, red) at 3 weeks after CSDS. Arrowhead and arrow indicate the Cas^**+**^DCX^**+**^NeuN^**+**^ and Cas^**+**^DCX^-^NeuN^**+**^ cell, respectively. Scale bar = 100 μm. (E) CSDS decreased the number of Cas^**+**^DCX^**+**^NeuN^**+**^ cells but not Cas^**+**^DCX^-^NeuN^**+**^ cells. (F) CSDS decreased the proportion of Cas^**+**^DCX^**+**^NeuN^**+**^ cells at 3 weeks after CSDS. The total number of neurons examined is indicated by n in parenthesis. Data are presented as mean ± SEM. \*\*\**P*\<.001 vs Con.](ijnppy_pyv097_f0003){#F3}

CSDS Promotes the Developmental Switch in Synaptic Plasticity of Adult-Born DGCs {#s13}
--------------------------------------------------------------------------------

To assess whether the morphological changes that resulted from CSDS led to alterations in physiological properties, we performed electrophysiological analysis of adult-born DGCs in acute slices from retrovirus-injected mice at 4 wpi when new neurons reach a more mature stage of development in both morphological ([@CIT0027]) and physiological properties ([@CIT0027]). Biocytin was routinely included in the intracellular solution to allow posthoc identification of the recorded neurons. We included only DGCs, which showed colocalization of GFP and biocytin staining, for analysis ([supplemental Figure 3A](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). We found that although adult-born GFP^+^ DGCs at 4 wpi showed comparable resting membrane potential ([supplemental Figure 3B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)) and rate of rise of action potentials ([supplemental Figure 3C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)) to those of GFP^-^ mature DGCs, the mean amplitude of action potentials for GFP^+^ DGCs at 4 wpi was significantly less than GFP^-^ mature DGCs ([supplemental Figure 3D](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). There were no significant effects of CSDS on the spike amplitude of adult-born GFP^+^ and GFP^-^ mature DGCs. In addition, GFP^+^ DGCs at 4 wpi displayed higher input resistances than GFP^-^ mature DGCs ([supplemental Figure 3E](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). A significant reduction in input resistances was found in adult-born GFP^+^ DGCs in slices from CSDS mice compared with control mice. To examine the impact of CSDS on excitatory synaptic transmission at MPP-DGC synapses, we examined synaptic strength by measuring stimulus-response curves of excitatory postsynaptic currents (EPSCs) in adult-born GFP^+^ DGCs. We found no differences between control and CSDS mice in the stimulus-response curve, maximal response, and EPSC waveform in adult-born GFP^+^ DGCs ([supplemental Figure 3F](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). No significant differences were observed between control and CSDS mice in both amplitude and frequency of spontaneous mEPSCs in adult-born GFP^+^ DGCs ([supplemental Figure 3G](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). To assess whether CSDS alters the presynaptic function of adult-born DGCs, we examined paired-pulse depression at the MPP-DGC synapses. As shown in [supplemental Figure 3H](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1), pairs of presynaptic fiber stimulation pulses delivered at different interpulse intervals evoked nearly identical amounts of paired-pulse ratio in slices from control and CSDS mice. Furthermore, no significant differences were observed between control and CSDS mice in both amplitude and frequency of spontaneous miniature inhibitory postsynaptic currents (mIPSCs) in adult-born GFP+ DGCs ([supplemental Figure 3H](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

To examine the impact of CSDS on long-term synaptic plasticity, we analyzed the induction of LTP at the MPP-DGC synapses. A theta burst stimulation paradigm was used to elicit LTP ([Figure 4A](#F4){ref-type="fig"}). In slices from control mice, the mean LTP magnitude for adult-born GFP^+^ DGCs at 4 wpi was significantly larger than that of GFP^-^ mature DGCs ([Figure 4B](#F4){ref-type="fig"}-D), consistent with our previous findings that immature DGCs exhibit enhanced LTP with increased potentiation magnitude and decreased induction threshold ([@CIT0011]). We found that although CSDS did not change LTP magnitude of GFP^-^ mature DGCs ([Figure 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}), a significant decrease in LTP magnitude was observed in adult-born GFP^+^ DGCs ([Figure 4C](#F4){ref-type="fig"}-D). Notably, LTP magnitude of adult-born GFP^+^ DGCs was comparable to that from GFP^-^ mature DGCs in slices from CSDS mice, suggesting that CSDS can promote the acquisition of the mature LTP phenotype at synapses on adult-born DGCs.

![Chronic social defeat stress (CSDS) results in promoting acquisition of the mature LTP phenotype at synapses. (A) Theta burst stimulation protocol for LTP induction consists brief presynaptic activation of 10 bursts at 5 Hz paired with 100-pA postsynaptic current injection. The episode was applied 4 times at 0.1 Hz. (B) Summary of experiments showing LTP recorded from mature dentate granule cells (DGCs) in slices from control (Con) and CSDS mice. (C) Summary of experiments showing LTP recorded from adult-born GFP^+^ neurons at 4 weeks postinjection (wpi) in slices from Con and CSDS mice. (D) Bar graph comparing average potentiation measured during 30 to 40 minutes after theta burst stimulation. CSDS resulted in a significant decrease in LTP magnitude in adult-born DGCs (*t* ~(15)~ = 2.6, *P*=.02; unpaired Student's *t* test). Representative traces of excitatory postsynaptic potentials (EPSPs) were taken at the time indicated by number. The total number of neurons examined is indicated by n in parenthesis. Data are presented as mean ± SEM. \**P*\<.05 vs Con.](ijnppy_pyv097_f0004){#F4}

CSDS Reduces Synaptic GluN2B Subunit Expression in Adult-Born DGCs via an REST-Dependent Mechanism {#s14}
--------------------------------------------------------------------------------------------------

We next investigated the molecular mechanisms underlying the effect of CSDS on LTP in adult-born DGCs. It is known that the induction of LTP at the MPP-DGC synapses is dependent on NMDAR activation regardless of the cell age ([@CIT0011]). To test whether CSDS may alter the functional properties and subunit composition of synaptic NMDARs in adult-born DGCs, the relative current contribution in synaptic populations was assessed by an NMDAR/AMPAR ratio calculated from measurement of evoked EPSCs in both GFP^-^ mature and adult-born GFP^+^ DGCs at 4 wpi. We observed a significantly higher NMDAR/AMPAR ratio at synapses onto adult-born GFP^+^ DGCs compared with that of GFP^-^ mature DGCs ([supplemental Figure 4A](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). However, we did not observe any change in the NMDAR/AMPAR ratio at synapses onto adult-born GFP^+^ DGCs or GFP^-^ mature DGCs in CSDS mice compared with control mice ([supplemental Figure 4B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). We have previously shown that enhanced LTP in adult-born DGCs depends on developmentally regulated synaptic expression of GluN2B-containing NMDARs ([@CIT0011]). We therefore examined the contribution of GluN2B-containing NMDARs to evoked EPSCs in both GFP^-^ mature and adult-born GFP^+^ DGCs at 4 wpi. Application of ifenprodil (3 μM), a GluN2B-selective antagonist ([@CIT0003]), reduced the NMDAR-mediated EPSCs in adult-born GFP^+^ DGCs by 73.5±6.5%, whereas the same treatment led to only 25.9±4.4% reduction in GFP^-^ mature DGCs ([supplemental Figure 4B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)), consistent with the idea that GluN2B subunit is expressed predominantly during the early development of adult-born DGCs. Notably, a significant decrease in the expression of ifenprodil-sensitive NMDAR-mediated EPSCs was observed in adult-born GFP^+^ DGCs from CSDS mice compared with control mice ([supplemental Figure 4B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Because GluN2B-containing NMDARs exhibit slower decay kinetics than their GluN2A-containing counterparts ([@CIT0009]), we also measured the decay time kinetics of NMDAR-mediated EPSCs. We confirmed that the decay of NMDAR-mediated EPSC was significantly slower in adult-born GFP^+^ DGCs than that of GFP^-^ mature DGCs from control mice ([supplemental Figure 4C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). A decrease in the decay time kinetics of NMDAR-mediated EPSCs was observed in adult-born GFP^+^ DGCs from CSDS mice compared with those from control mice ([supplemental Figure 4C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)).

The GLI-Krüppel class C2H2 zinc finger protein REST is expressed in neural stem cells of the SGZ and declines during the differentiating stages ([@CIT0015]). Recent work has shown that the REST-dependent epigenetic remodeling may promote the developmental switch of synaptic NMDAR subunit composition in mature DGCs ([@CIT0035]). To evaluate whether CSDS increases REST abundance in adult-born neurons, we examined REST mRNA expression by means of single-cell quantitative real-time PCR technique. We confirmed that the level of endogenous REST mRNA was significantly increased in adult-born GFP^+^ DGCs, but not in mature neurons, from CSDS mice compared with those from control mice ([supplemental Figure 5A](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). To directly examine a possible causal role for REST in the CSDS-induced decline in GluN2B subunit expression in adult-born DGCs, we constructed several retroviruses expressing specific short-hairpin RNA (shRNA) against different regions of mouse REST. We found that 2 different shREST, but not the scrambled shRNA, specifically knocked down the expression of REST as shown by Western-blotting analysis in hippocampal neuronal cultures ([supplemental Figure 5B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Having confirmed the knockdown efficiency of shRNA, shREST or scrambled shRNA retroviruses were stereotaxically microinjected into the hilus of the DG ([Figure 5A](#F5){ref-type="fig"}). Consistent with an increase in the synaptic GluN2B subunit content, we found that NMDAR-mediated EPSCs of shREST-expressing GFP^+^ DGCs exhibited enhanced sensitivity to ifenprodil (3 μM) and slower decay time kinetics than those of scrambled control cells from CSDS mice ([Figure 5B](#F5){ref-type="fig"}-C). Notably, no significant differences were observed between shREST-expressing GFP^+^ DGCs of CSDS mice and scrambled control GFP^+^ DGCs of control mice in the expression of ifenprodil-sensitive component and the decay time kinetics of NMDAR-mediated EPSCs.

![Knockdown of repressor element-1 silencing transcription factor (REST) rescued the effects of chronic social defeat stress (CSDS) on adult-born dentate granule cells (DGCs). (A) Schematic representation of the experimental timeline of retrovirus injection and assays. (B) Representative traces and summary data comparing the ifenprodil (3 μM)-sensitive *N*-methyl-D-aspartate receptors (NMDAR)-mediated EPSCs at +40 mV in adult-born DGCs infected with short-hairpin REST (shREST) or scrambled short-hairpin RNA (shRNA) retroviruses at 4 wpi in slices from control (Con) and CSDS mice. (C) Comparison of the weighted time constant (τ~w~) of decay of NMDAR-mediated EPSCs at +40 mV in adult-born DGCs infected with shREST or scrambled shRNA retroviruses at 4 wpi in slices from Con and CSDS mice. (D) Comparison of the average theta burst stimulation-induced LTP magnitude in adult-born DGCs infected with shRNA-REST or scrambled shRNA retroviruses at 4 wpi in slices from Con and CSDS mice. (E) Bar graph comparing average potentiation measured during 30 to 40 minutes after theta burst stimulation. The total number of neurons examined is indicated by n in parenthesis. Data are presented as mean ± SEM. \**P*\<.05 and \*\**P*\<.01 vs scrambled shRNA. APV, D-2-amino-5-phosphonovalerate. *n.s.*, not significant.](ijnppy_pyv097_f0005){#F5}

Finally, we assessed whether knockdown of REST in adult-born DGCs prevents CSDS-induced decline in LTP at 4 weeks of the cell age. Compared with scrambled shRNA-expressing cells, shREST-expressing GFP^+^ DGCs showed a higher LTP magnitude in CSDS mice ([Figure 5D](#F5){ref-type="fig"}-E). However, we did not observe a difference between scramble shRNA- and shREST-expressing GFP^+^ DGCs from control mice in the magnitude of LTP. We also confirmed that knockdown of REST in adult-born DGCs rescued the effects of CSDS on the radius interaction for both dendritic length and branch number at 2 wpi ([supplemental Figure 6A-B](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)) and branch number at 4 wpi ([supplemental Figure 6A, C](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv097/-/DC1)). Together, these findings strongly suggest that CSDS triggers a cascade involving increased expression of REST, which leads to a decline in GluN2B subunits of the synaptic NMDARs, thereby promoting the maturation of LTP at the MPP-DGC synapses on adult-born DGCs.

Discussion {#s15}
==========

Adult neurogenesis is a complex multistep process that includes proliferation, fate specification, maturation, targeting, and functional integration of the newborn neurons into the preexisting neural circuits. These different developmental processes can be modified by various physiological, pathological, and pharmacological stimuli ([@CIT0012]; [@CIT0031]). While chronic stress has been found to suppress the proliferation and survival of newborn DGCs in the adult hippocampus ([@CIT0033]; [@CIT0039]; [@CIT0010]; [@CIT0014]; Van B[@CIT0044]), little is known about its effects on the morphological and physiological maturation of adult-born neurons. Combining retrovirus-mediated birth-dating and labeling techniques and electrophysiological recordings, we have shown here for the first time that CSDS can promote the acquisition of the mature LTP phenotype at synapses on adult-born DGCs. We have identified that an acceleration of developmental switch in the composition of synaptic NMDARs from predominantly GluN2B to GluN2A may contribute to such enhanced synaptic maturation. Our findings also reveal an important role for REST in orchestrating the switch in synaptic NMDAR subunit composition after CSDS. Our data support a model in which CSDS increases REST expression, leading to a decline in GluN2B subunit expression at synapses, which in turn promotes the acquisition of the mature synaptic NMDARs and LTP phenotype.

While most previous studies have suggested that chronic stress reduces the survival of newborn neurons in the adult SGZ ([@CIT0028]; Van B[@CIT0044]), there is contradictory evidence that the survival of adult-born DGCs is enhanced after CSDS in mice that display persistent social avoidance ([@CIT0026]). The results of the present study concur with the preponderance of literature demonstrating decreased survival of adult-born DGCs after CSDS. Our findings seem to conflict with those that mice susceptible to CSDS have significantly enhanced survival of adult-born DGCs that were generated after defeated stress ([@CIT0026]). A conceivable explanation of these seemingly discrepant observations is the different BrdU administration regimens used between studies. In the study of [@CIT0026], mice received an intraperitoneal injection of BrdU (150mg/kg) 24 hour after the last episode of CSDS, and the total number of BrdU-immunoreactive cells in the DG was calculated 4 weeks later. However, in our current study, mice were injected 6 times intraperitoneally with BrdU (50mg/kg) at 12-hour intervals starting 24 hours after SIT and BrdU^+^ cells in the DG were counted 4 weeks after BrdU administration. A typical neurogenesis study using BrdU labeling often involves multiple injections during the period of 24 to 48 hours ([@CIT0022]). Considering that multiple injections may allow labeling of cells that are going through S-phase divisions across the day and thus incorporating BrdU at different time points ([@CIT0007]), our protocol may provide a quantitative estimate of a larger pool of dividing cells. Nevertheless, we cannot completely exclude the possibility that subtle differences in experimental variables may account, in part, for this apparent discrepancy.

Surprisingly, DCX^+^NeuN^+^ DGCs displayed a substantial decrease in death at 3 weeks after CSDS ([Figure 3D](#F3){ref-type="fig"}-E). Although the molecular basis of how CSDS modulates the survival of adult-born DGCs at this stage remains unclear, one intriguing possibility is that the young DGCs in CSDS mice are somewhat less competitive than their control counteracts against neighboring newborn or mature DGCs, thus providing a survival advantage. Additional studies are needed to clarify this possibility.

The connectivity of a neuron is determined mainly by its dendritic arborization and synaptic contacts. Newborn DGCs exhibit features of dendrites as early as 2 weeks after birth and display overall morphological and functional characteristics of fully mature GCs at 6 weeks of cell age ([@CIT0013]; [@CIT0027]). Moreover, it has been suggested that the rate of adult-born DGC maturation correlates with the pattern of neuronal activity ([@CIT0034]). We demonstrated that CSDS decreased dendritic complexity of surviving adult-born DGCs, as shown by decreased dendritic length and branching. However, the suppressive effect of CSDS on dendrite maturation of adult-born DGCs is short-lived, and dendritic complexity returns to normal levels at about 4 weeks after CSDS. In addition, CSDS did not alter the relative positioning of adult-born DGCs in the DGC layer. In accordance with morphological observations, our electrophysiological data indicate that the intrinsic excitability and synaptic transmission of adult-born DGCs were not affected by CSDS. These data suggest that, although CSDS has effects on morphological properties of newborn DGCs during their initial development, some compensatory mechanisms may exist during late developmental stages to normalize the morphological and physiological changes of CSDS.

Adult-born DGCs have been shown to exhibit enhanced LTP at the MPP-DGC synapses with increased potentiation magnitude and decreased induction threshold during a critical period between 4 and 6 weeks of cell age ([@CIT0040]; [@CIT0037]; [@CIT0011]). Such critical period plasticity is associated with developmentally regulated synaptic expression of GluN2B-containing NMDARs in adult-born DGCs ([@CIT0011]) and is necessary for fine contextual discrimination ([@CIT0024]). Here we extend these findings by demonstrating that CSDS can accelerate the maturation of immature neurons to acquire the mature synaptic NMDARs and LTP phenotype. Our results also highlight the existence of a positive correlation between synaptic expression of GluN2B-containing NMDARs and enhanced LTP in adult-born DGCs. Because we did not observe significant change in the peak amplitude of NMDAR-mediated EPSCs of adult-born DGCs at 4 wpi by CSDS, it is reasonable to speculate that CSDS induces a loss of synaptic GluN2B-containing NMDARs and their replacement with GluN2A-containing NMDARs. These observations beg the question of how CSDS accelerates the developmental switch in synaptic NMDAR subunit composition from predominantly GluN2B to GluN2A. Our results suggest that REST is the principal regulator for governing the suppressive effect of CSDS on GluN2B subunit expression. We found that CSDS increases REST mRNA in adult-born DGCs and that knockdown of REST by shRNA rescued the decline in synaptic GluN2B subunit and LTP magnitude in adult-born DGCs of CSDS mice. Nonetheless, it is unclear how CSDS promotes *REST* gene expression in adult-born DGCs, and the molecular basis for the regulation of the developmental switch in synaptic NMDAR subunit composition by REST remains an open question. Additional investigation is warranted to determine whether the sustained high levels of basal corticosterone are responsible for CSDS- and REST-mediated downregulation of GluN2B subunit expression.

It has been shown that maternal deprivation, an animal model of early life stress, may impair REST activation and acquisition of the mature NMDAR phenotype in mature DGCs of rat hippocampus ([@CIT0035]). However, we demonstrate that CSDS accelerates the developmental switch in NMDARs in adult-born DGCs by increasing REST expression. The reason for these seemingly contradictory findings is unclear but may be related to differences in cell age targeted. Furthermore, the different stress protocols (maternal deprivation vs CSDS) and animal species (rat vs mouse) may account for the differences in REST activation obtained by [@CIT0035] and our own. Regardless of the mode of action, these findings highlight a crucial role of REST in experience-dependent fine-tuning of synaptic NMDARs during neuronal development.

Recent work has shown that adult-born DGCs use GABA signaling to initiate functional glutamatergic synaptic transmission in response to an enriched environment ([@CIT0008]). Furthermore, [@CIT0005] revealed a specific time window (2--6 weeks of age) during the maturation of adult-born DGCs for enriched environment-mediated remodeling of connections impinging on them. It is very likely that CSDS may also affect the connectivity of adult-born DGCs. Because we did not examine the influence of CSDS on the presynaptic connectivity of adult-born DGCs, at this point we cannot exclude the possibility that the impact of CSDS on LTP induction at the MPP-DGC synapses is mediated, at least in part, by an experience-dependent reorganization of the presynaptic inputs on adult-born DGCs. Future research will be required to evaluate whether REST may also play a role in experience-dependent remodeling of adult-born DGC connectivity.

In conclusion, we provide compelling evidence that CSDS decreases the survival of adult-born DGCs but accelerates the synaptic maturation of adult-born DGCs. Our data also support a sequential signaling model, in which CSDS can increase expression of REST in surviving adult-born DGCs, which leads to accelerated developmental switch in synaptic NMDAR subtype and thereby promotes acquisition of the mature LTP phenotype. Since adult neurogenesis has been implicated in various brain functions ([@CIT0048]; [@CIT0032]), delineating mechanism by which CSDS affect newborn DGC maturation should be critical for understanding the role of stress in influencing brain function.
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